Introduction {#bhw327s1}
============

The hippocampal memory system has been suggested to be well conserved during evolution, demonstrating both structural and functional similarities across species, particularly in mammals ([@bhw327C44]; [@bhw327C2]). However, other neural structures have undergone significant changes during evolution and are remarkably different in primates. The most radical changes occurred in the cerebral cortex, demonstrating numerous structural, molecular and genetic evolutionary differences in development and organization ([@bhw327C60]; [@bhw327C23]). These differences underlie the massive elaboration of the cortex in primates, and the incorporation of expanded and new high-order perceptual and association areas ([@bhw327C8]). Since the hippocampus receives inputs from all parts of the cerebral cortex via structures within the parahippocampal region ([@bhw327C18]; [@bhw327C61]), it is possible that information processing in the evolved cortex has changed the nature of cortical inputs to the hippocampus, and as a result, the nature of its function to support qualitatively different memory-guided computations.

Previous studies described a conserved organization of the hippocampal memory system, demonstrating 2 parallel streams of cortical inputs in both rodents and primates ([@bhw327C61]; [@bhw327C30]). These pathways are anatomically ([@bhw327C68]; [@bhw327C72]) and functionally ([@bhw327C52]; [@bhw327C31]; [@bhw327C51]; [@bhw327C50]) distinct as object-related information flows to the perirhinal (PRC) and lateral entorhinal (LEC) cortices, while context-related information flows to the posthrinal/parahippocmpal (POR/PHC) and medial entorhinal (MEC) cortices. These 2 streams are combined in the hippocampus ([@bhw327C33]), but interconnections also exist in the parahippocampal region ([@bhw327C13]). Therefore, the anatomy of the cortico-hippocampal system is best described as including both parallel and hierarchical components, positioning it well to integrate diverse informational sources important to episodic memory.

Despite the radical evolutionary changes in the cerebral cortex, anatomical tracing studies in rats and monkeys described a homologous cortical information flow to the hippocampus ([@bhw327C12]; [@bhw327C68]). In both species, most inputs arrive at the parahippocampal region from high-order sensory and polymodal association cortices, although direct projections from primary sensory areas were reported in rodents ([@bhw327C14]; [@bhw327C11]; [@bhw327C3]; [@bhw327C74]). Neuroimaging studies in humans described functional connectivity between the hippocampal memory system and the anterior temporal and posterior medial association networks ([@bhw327C31]; [@bhw327C41]; [@bhw327C61]). Previous characterization of cortico-hippocampal functional connectivity in rodents focused on association cortical systems demonstrating putative homology to humans ([@bhw327C43]; [@bhw327C63]; [@bhw327C22]; [@bhw327C46]; [@bhw327C42]). However, functional connectivity between sensory cortical systems and the hippocampus has not been characterized. Taking into account that cortical elaboration in primates, specifically humans, changed the balance between sensory and association cortices ([@bhw327C8]), it is possible that despite the similar anatomical connectivity of sensory cortices to the hippocampus, functional connectivity differs across species, supporting qualitatively different sensory inputs to the hippocampus.

In this study, we sought to compare cortico-hippocampal connectivity in awake mouse and human brains using intrinsic functional connectivity MRI (fcMRI). This method estimates functional connectivity by measuring correlations of slow spontaneous fluctuations in the blood oxygenation level-dependent (BOLD) fMRI signal across brain regions ([@bhw327C9]; [@bhw327C59]). In mice, we identified spatially localized organization of different sensory modalities in the parahippocampal region that extends to the hippocampus. In addition, we discovered preferential connectivity of primary and high-order sensory cortices over cortical association areas in the hippocampal memory system. In contrast, in the human hippocampal memory system, we found preferential connectivity of association rather than sensory cortical networks, as well as spatial divergence of these networks in the parahippocampal region. These results indicate divergent functional organization of the cortico-hippocampal circuit in mice and humans, suggesting that sensory information in humans is rerouted via expanded and new association cortices before arriving at the hippocampus.

Materials and Methods {#bhw327s2}
=====================

Ethics {#bhw327s2a}
------

All animal procedures were conducted in accordance with the ethical guidelines of the National Institutes of Health, and were approved by the Institutional Animal Care and Use Committee (IACUC) at the Technion. Human participants provided written-informed consent in accordance with guidelines set forth by the Institutional Review Board of the Massachusetts General Hospital.

Animals {#bhw327s2b}
-------

Twelve male C57BL/6 mice (8--12 weeks old) were implanted with MRI-compatible head-posts and housed in reversed 12 h light/dark cycle in groups of 2 or 3 animals per cage. After 3 d of recovery, a 7--10 d training period was started to acclimatize the animals to the head fixation. The mice then underwent multiple 45-min-long awake head-fixed fcMRI sessions ([Supplementary Table 1](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)).

Head-Post Surgery {#bhw327s2c}
-----------------

For the head fixation, a custom-made MRI-compatible head-post was implanted over the skull. Mice were anesthetized with isoflurane (1.5--2.5%), mounted on a surgical frame and kept on a thermal blanket (FHC) to maintain body temperature. Analgesia was administrated locally (Bupivacaine) and systematically (Buprenorphine), and eye ointment (Duratears, Alcon-Couvreur) was applied to prevent dryness. The scalp and periosteum over the entire surface of the skull were removed in order to improve adhesion and prevent susceptibility artifacts. After chemical etching, the head-post was attached to the skull using dental cement (C&B Metabond, Parkell). In some cases, another layer of dental cement (Paladur, Heraeus Kulzer) was applied to create a homogenous surface and reduce the effect of susceptibility artifacts. An intramuscular injection of broad-spectrum antibiotics (Penicillin-Streptomycin) was given to prevent postoperative infections. Mice were given at least 3 d to recover and received edible Buprenorphine gel daily before behavioral acclimatization commenced.

Acclimatization to Awake Head-Fixed Imaging {#bhw327s2d}
-------------------------------------------

To achieve extended stable recording in the mice during passive wakefulness, we designed an MRI-compatible cradle (Fig. [1](#bhw327F1){ref-type="fig"}*A*) and acclimatized the animals to the head fixation before the experiment started to reduce stress and head motion ([@bhw327C17]; [@bhw327C28]). The procedure started with 5 handling sessions performed over 3--5 d in which the mice became familiar with the experimenter. Then, the mice were head-fixed for gradually longer periods (2, 5, 10 and 25 min) over 4 d. Each session was performed at approximately the same time of day (late afternoon), and included brief anesthesia with isoflurane (5%), attachment to the cradle under a low concentration of isoflurane (0.5--1%) and an acclimatization period inside the MRI scanner. The fMRI protocol was used to acclimatize the mice to the scanner noise and possible effects of the gradients; no noticeable startled or freezing responses nor changes in breathing patterns were observed, suggesting that the mice were oblivious to the imaging procedure. At the end of each session, the mice received food reward. Figure 1.Visualization of fMRI results in mice. (*A*) Experimental setup for awake mouse fMRI: custom-made 3D-printed cradle for fMRI in awake head-fixed mice (top); a head-fixed mouse is shown in the cradle with a 20 mm receive-only loop-coil located above the head (bottom). (*B*) Segmentation of the mouse parahippocampal region in the AMBC Atlas (left) and on a surface reconstruction of the mouse cortex (right). SNR map of the parahippocampal region is presented on the surface reconstruction showing high SNR in the PRC and POR, and attenuated SNR in the LEC due to susceptibility artifacts originating from the air--tissue interface near the ear canals. (*C*) AMBC Atlas derived segmentation of the hippocampus into subfields overlaid on the group average BOLD SE-EPI upsampled to 100 μm isotropic resolution. (*D*) Three-dimensional surface reconstruction of the right dentate gyrus (left) and flattened surface representation of the right dentate gyrus (right); colored segments show the relationships between the surfaces. Coordinates in the Atlas space are provided for the flattened representation, superior--inferior (S-I) relative to the dura and anterior--posterior (A-P) relative to bregma.

Mouse Image Acquisition {#bhw327s2e}
-----------------------

MRI scans were performed at 9.4 T MRI (Bruker BioSpin GmbH) using a quadrature 86 mm transmit-only coil and a 20 mm loop receive-only coil (Bruker). After brief anesthesia (5% isoflurane), the mice were mounted on the cradle. A low concentration of isoflurane (0.5--1%) was used to maintain anesthesia until placement in the scanner. Total exposure to isoflurane lasted up to 5 min and the animals had at least 15 min to recover during scanner calibrations. Each session included acquisition of one low-resolution rapid acquisition process with a relaxation enhancement (RARE) T1-weighted structural volume (time repetition \[TR\] = 1500 ms, time echo \[TE\] = 8.5 ms, RARE-factor = 4, flip angle \[FA\] = 180°, 30 coronal slices, 150 × 150 × 450 μm^3^ voxels, no interslice gap, FOV 19.2 × 19.2 mm^2^, matrix size of 128 × 128) and 4 spin echo EPI (SE-EPI) runs with 200 time points measuring BOLD fluctuations (TR = 2500 ms, TE = 18.398 ms, FA = 90°, 30 coronal slices, 150 × 150 × 450 μm^3^ voxels, no interslice gap, FOV 14.4 × 9.6 mm^2^, matrix size of 128 × 128). In addition, one high-resolution Turbo-RARE T2-weighted volume was acquired for each mouse during the last acclimatization session (TR = 6000 ms, TE = 12 ms, RARE-factor = 8, FA = 180°, 50 coronal slices; 100 × 100 × 300 μm^3^ voxels, no interslice gap, FOV 38.4 × 38.4 mm^2^, matrix size of 384 × 384). After excluding 32 sessions with image distortions or substantial movement (less than 7 min of data available after motion scrubbing), a total of 100 sessions were included in the analysis.

Mouse Anatomical Data {#bhw327s2f}
---------------------

The Allen Mouse Brain Connectivity (AMBC) Atlas ([@bhw327C39]; [@bhw327C53]), including atlas labels and anatomical tracing results, was downloaded from the Allen Brain Institute website at 100 μm^3^ resolution and converted to NIFTI format. The Allen Histology Atlas was then manually downsampled to the functional data resolution (150 × 150 × 450 μm^3^) and a conversion matrix between the original and the downsampled versions was created. To register functional data to the atlas, 3 high-resolution anatomical scans were aligned manually to the downsampled atlas, averaged and then used as a target for registration of the functional data. Subsequently, the inverse conversion matrix was used for registration of functional data to the original atlas and anatomical connectivity database.

Mouse Data Preprocessing Procedure {#bhw327s2g}
----------------------------------

Standard mouse fMRI preprocessing was based on the work of [@bhw327C32], and included removal of the first 2 volumes for T1-equilibration effects, compensation of slice-dependent time shifts, rigid body correction for head motion, linear transformation for registration to the AMBC Atlas ([Supplementary Fig. 1](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)) and intensity normalization. Preprocessing of fcMRI data was performed based on a standard human protocol ([@bhw327C58]) with the exception of whole-brain signal regression, which was found to dramatically reduce correlations without any increase in specificity ([Supplementary Fig. 2](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). This preprocessing procedure yielded excellent homotopic connectivity, which is the hallmark of fcMRI in rodents ([@bhw327C24]).

First, a data-scrubbing procedure was conducted to eliminate motion artifacts ([@bhw327C58]). Exclusion criteria included frame displacement of 50 μm, temporal derivative root mean square variance over voxels (DVARS) of 0.5% and exclusion of 2 frames before and one after the detected movement. Examination of motion patterns ([Supplementary Fig. 3](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)) indicated that animal movement occurred over sequential frames, and excluded frames were distributed across animals. Comparison between scrubbed and unscrubbed data reveals that motion scrubbing significantly reduces variability between sessions with high and low motion. In addition, we found that as opposed to humans ([@bhw327C58]), motion in mice decreases signal similarity between white matter and other brain compartments. Further analysis revealed that motion is correlated positively with the white matter signal and negatively with the ventricles and whole-brain signals. Finally, motion scrubbing specifically increased the similarity between white matter and other brain compartments. Taking into account the location of the corpus callosum between cortical and subcortical structures and its relatively small volume, this result suggests that regression of the white matter signal reduces the negative effects of motion artifacts in the mouse.

After motion scrubbing, data underwent demeaning and detrending, as well as regression of motion parameters and average time courses in the ventricles and white matter (from the included frames only) to eliminate motion-related and physiological noise. Finally, a temporal filter was used to isolate the low frequency spectrum (0.009 \< *f* \< 0.08 Hz), and spatial smoothing with a Gaussian kernel with FWHM of 450 μm was applied to improve the temporal signal-to-noise ratio (SNR), which was estimated for each BOLD run by dividing the mean value of each voxel by its standard deviation.

Mouse fcMRI Analysis {#bhw327s2h}
--------------------

To estimate functional connectivity, 450 μm-diameter spheres (5 voxels) were defined as seed regions and placed in sensory (*n* = 24) and association (*n* = 13) cortices throughout the mouse cortex ([Supplementary Table 2](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). For large regions, several seeds were placed within the area and data were averaged across seeds, resulting in a total of 9 sensory and 7 association regions. Seed locations were determined based on the AMBC Atlas according to injection sites estimated by downsampling the anatomical optical density maps to the space of the functional data. In order to prevent partial volume effects of signals from noncortical structures or from outside the brain, the seeds were placed in the middle of the cortical ribbon. The time course of each seed was extracted and used to calculate seed-based Fisher\'s Z transformed *r* values ([@bhw327C80]). For the group analysis, the correlation maps of each animal were averaged, resulting in 12 average maps that were submitted to a one-way *t*-test (SPM, Wellcome Department of Cognitive Neurology, London, UK). The statistical threshold was determined using family-wise error rate correction for multiple comparisons in the whole brain (excluding olfactory bulb, brainstem, and cerebellum), or in the hippocampal memory system, bilaterally including the hippocampus and parahippocampal region. For seed-to-seed analyses, the average Fisher\'s Z transformed *r* values were calculated in the specific region of interest to compare the region\'s connectivity to other brain areas.

Characterization of Structure--Function Relations in the Mouse Brain {#bhw327s2i}
--------------------------------------------------------------------

To estimate the voxel-wise overlap between functional and anatomical connectivity, we compared optical density maps that approximate anatomical connectivity to functional connectivity maps generated from the seed region located at the center of the injection site. To eliminate the confounding effects of colocalization of the injection site and seed region, a 2 mm-diameter sphere around the seed center was excluded from the analysis. We then binarized both maps based on the statistical threshold for the functional map (*P* \< 0.05, corrected for multiple comparisons for the whole brain) and the optical density threshold for the anatomical map. The optical density threshold of 0.1 was chosen since it was shown that a false-positive rate reaches a plateau and stabilizes at around zero for this value ([@bhw327C53]). It is important to note that anatomical connectivity as expressed by optical density maps does not discriminate between fibers of passage and terminal zones, creating an overestimation of anatomical connectivity and limiting the precise estimation of structure--function relations. After generating these binary maps, we estimated the overlap between them using the Sørensen--Dice index (*D =* 2 × (*A* ∩ *B*) / (\|*A*\| + \|*B*\|)). To allow for a meaningful interpretation of this estimate, we compared it to the expected index calculated based on the expected overlap of the 2 maps. Finally, to examine the consistency of structure--function relations across the group, we replicated the functional analyses at a single animal level using a *Z*(*r*) correlation threshold of 0.04.

To compare anatomical and functional connectivity at a regional level, normalized projection volumes were taken from the supplementary materials published by [@bhw327C53]. Statistically reliable functional volumes were calculated for each brain region using the AMBC Atlas labels. Due to limitations of functional resolution, small areas (\<0.05 mm^3^, \~5 voxels at functional resolution) and areas with poor SNR (\<7, before smoothing) were excluded from this analysis. The resulting anatomical and functional connectivity matrices were used for characterization of structure--function relations. First, we sorted the functional connectivity volume distribution in a descending order and examined the coverage of the 20 strongest anatomical connections in the rank-ordered functional connections. Then, to test structure--function relations in many cortical areas and across multiple statistical thresholds, we used the anatomical data as a baseline and generated a series of receiver operating characteristic (ROC) curves. We used a volume threshold of 0.05 mm^3^ to define binary anatomical connections, and then calculated the functional volume distribution over 82 statistical thresholds to examine the sensitivity and specificity of the prediction of functional connections based on anatomical connections. To estimate the accuracy of the prediction, we calculated the area under each ROC curve, which estimates the relationship between true-positive and false-positive predictions at different thresholds, indicating how well anatomical connectivity discriminates between functionally connected and unconnected regions.

Mouse Surface Reconstruction {#bhw327s2j}
----------------------------

Surface reconstructions were created using FreeSurfer software ([@bhw327C16]). The AMBC Atlas at 100 μm^3^ was used to construct superficial (pial) and deep (white) surfaces based on masks of the whole brain including or excluding the cerebral cortex, respectively. Each vertex (the equivalent of a voxel in surface space) in the deep surface was matched to the closest vertex in the superficial surface to coalign the surfaces. The alignment product was defined as the deep layer (white) of the superficial surface allowing the definition of the cortical ribbon. Anatomical labels and optical density at isotropic 100 μm^3^ resolution, and correlation and statistical maps at 150 × 150 × 450 μm^3^ were registered to the surface. Validating the registration process, we found that by setting the projection fraction to 1, the surface represented layer 5, which is a good estimate of the functional data in which there is no layer-specificity. In addition, functional data were smoothed in the surface space using a Gaussian kernel with FWHM of 100 μm. For the anatomical data, each volume was registered with projection distances of 300 and 700 μm to represent both superficial and deep layers, respectively, and the 2 registered files were averaged.

Segmentation of the mouse parahippocampal region was based on the AMBC Atlas (Fig. [1](#bhw327F1){ref-type="fig"}*B*). However, this atlas lacks a specific definition of the postrhinal cortex and instead defines the ectorhinal (area 36) and perhinal (area 35) cortices. Therefore, we used a previous anatomical work on mice ([@bhw327C5]) and defined the POR as the part of the ectorhinal label that is caudal to the perirhinal label, and the PRC as the perirhinal label and part of the ectorhinal label that is not included in the postrhinal cortex definition. Examination of the SNR in the parahippocampal region revealed attenuation of signal in LEC (Fig. [1](#bhw327F1){ref-type="fig"}*B*). The compromised SNR is due to susceptibility artifacts originating from the air--tissue interface near the ear canal, limiting the interpretation of results in the LEC, but allowing examination of functional connectivity along most of the rostro-caudal axis of the PRC and POR. By projecting the fcMRI statistical maps and anatomical optical density maps of different sensory cortices on the surface reconstruction, we were able to visualize the precise topographical organization of sensory modalities within the parahippocampal region.

For visualization of the mouse hippocampus, we used specific labels from the AMBC Atlas (Fig. [1](#bhw327F1){ref-type="fig"}*C*) to create 3D surfaces of the different hippocampal subfields (for illustration, the dentate gyrus is shown in Fig. [1](#bhw327F1){ref-type="fig"}*D*). Here, the superficial and deep surfaces were defined based on masks of the whole subfield and its deeper layer only, and functional data were smoothed in the surface space using a Gaussian kernel with FWHM of 100 μm and registered with a projection fraction of zero since the data are visible on both aspects of the surface. To create a flat representation ([@bhw327C19]), a longitudinal cut was made in the medial aspect of each subfield and saved as a patch. This patch was then flattened to create a 2D representation (Fig. [1](#bhw327F1){ref-type="fig"}*D*), which reliably represents the original volume-based statistical maps ([Supplementary Fig. 4](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)).

To enable transformations of the functional maps into a coordinate space that can be used in future imaging and electrophysiological studies targeting specific sites identified here, we report the data in the [@bhw327C54] and AMBC Atlas coordinate systems. To estimate stereotactic coordinates in the flattened hippocampal surfaces, we loaded the surface coordinates to Matlab (The Mathworks), and divided them into 25 segments along a perpendicular line ([Supplementary Fig. 5](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). We then found the vertices that are most proximal to the center of gravity of each segment and extracted their volume-based coordinates in the original AMBC Atlas using the volume/surface visualizer (TkMedit). In the AMBC Atlas, we estimated the distance of each center of gravity from the dura and bregma. Since the AMBC Atlas does not contain a stereotactic coordinate system, dura location was defined based on the highest point in the cortex and bregma was anatomically identified based on [@bhw327C54]. Since the hippocampal surfaces were cut in the medial aspect before flattening, the center of gravity represents the most superficial layers: the superior and lateral aspects of the dorsal and ventral areas, respectively. Therefore, another few hundred microns are needed to locate the center of each subfield, for example, for electrophysiological measurements.

Human fcMRI {#bhw327s2k}
-----------

Human data were taken from Dataset 2 of [@bhw327C31] and comprised 44 participants (age 22.22 ± 2.82, 19--32 \[mean ± SD, range\] years old; 27 females). Participants were scanned using a 3 T (TimTrio Siemens) with a 12-channel phased-array head coil. For each participant, 2 runs of 76 time points were acquired (GE-EPI, TR = 5000 ms, TE = 30 ms, FA = 90°, 55 axial slices, 2 × 2 × 2 mm^3^ voxels, no interslice gap, FOV 256 × 256 mm^2^, matrix size of 128 × 128). Data preprocessing steps included removal of the first 4 volumes, compensation of slice-dependent time shifts and rigid body correction for head motion. Functional images were then transformed linearly to a downsampled version of the Montreal Neurological Institute (MNI) template at 2 × 2 × 2 mm^3^. fcMRI preprocessing was identical to the procedure in mice except for the additional step of whole-brain signal regression, as well as adjustments of motion scrubbing threshold for displacement to 0.5 mm and a Gaussian kernel for smoothing to 4 mm. Note that unlike the original publication ([@bhw327C31]), here a more conservative treatment of motion was carried out ([@bhw327C58]).

To calculate the hippocampal and parahippocampal coverage of different cortical systems, time courses were extracted from functional seeds (spheres; 3 mm radius; 7 voxels × 2 mm^3^ = 56 mm^3^ volume) taken from the meta-analysis of [@bhw327C57], which was used for grouping of seeds to cortical systems. Out of the 264 seeds, 106 were chosen by restricting the analysis to the left hemisphere and excluding noncortical seeds ([Supplementary Table 3](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). In addition, seeds within the parahippocampal region were also excluded from the analysis. For each seed, volume-based correlation maps were submitted to a one-way *t*-test. A lenient threshold was set to prevent false-negative correlations of sensory regions (*P* \< 0.001, uncorrected for multiple comparisons). For surface representation, the final statistical maps were registered to the "fsaverage" cortical surface template ([@bhw327C19]). Visualization of the parahippocampal region was based on surface reconstruction of the medial temporal lobe as described in [@bhw327C31].

Estimation of Hippocampal and Parahippocampal Coverage Across Species {#bhw327s2l}
---------------------------------------------------------------------

To compare cortical functional connectivity to the hippocampal memory system across species, we segmented the hippocampus and parahippocampal region and calculated the fraction of significant voxels in each structure for different seeds. In the mouse, we used our PRC and POR labels to segment the parahippocampal region, but excluded the entorhinal cortex and the superficial parts of the PRC and POR labels due to poor SNR (\<7). The mouse hippocampus was defined based on the AMBC Atlas and included the dentate gyrus, CA3, CA2, CA1 and subiculum; voxels with SNR lower than 7 were excluded. In humans, we registered the FreeSurfer segmentation of the hippocampus, parahippocampal cortex and perirhinal/entorhinal cortex to a downsampled MNI space at 2 × 2 × 2 mm^3^.

Results {#bhw327s3}
=======

Anatomical Connections Predict Functional Connectivity in Awake Mice {#bhw327s3a}
--------------------------------------------------------------------

Cortical networks diverge in how much they conform to a pure hierarchical organization (e.g., sensory vs. association). Since fcMRI measures both monosynaptic and polysynaptic connections, we sought to establish that it could be used to characterize the cortical organization of networks that are not predominantly hierarchical. We compared a functional connectivity map (Fig. [2](#bhw327F2){ref-type="fig"}*A*) generated by a seed region in the barrel-related primary somatosensory cortex (SSp-bfd) to efferent anatomical projections of this region (Fig. [2](#bhw327F2){ref-type="fig"}*B*) and found that 38.61% of the significant functional connectivity voxels and 7.67% of the voxels above the optical density threshold overlap (Fig. [2](#bhw327F2){ref-type="fig"}*C*), yielding a Sørensen--Dice index of 0.128. Based on the brain coverage of functional (4.13%) and anatomical (20.8%) maps, we found that the expected Sørensen--Dice index is 0.069, resulting in an observed-to-expected ratio of 1.858 and suggesting preferential functional connectivity in voxels that are strongly connected anatomically. To formally test this result and examine individual variability in structure--function relations, we calculated the average correlation map for each animal and used a binary correlation threshold of 0.04 to examine reproducibility (Fig. [2](#bhw327F2){ref-type="fig"}*D*). We then calculated the observed-to-expected ratios of the Sørensen--Dice indices across the group and found that they are significantly greater than 1 (1.15 ± 0.1, mean ± SD; unpaired 2-tailed *t*-test: *t*~(11)~ = 5.14, *P* \< 0.001), formally indicating that voxels that are strongly connected anatomically are more likely to be connected functionally. Next, we sought to test whether functional connectivity is more reproducible in voxels having strong anatomical connections. Therefore, we examined the individual coverage of group-level significant functional connectivity voxels compared between voxels above (79.47% ± 12.22%, mean ± SD) and below (71.74% ± 14.14%, mean ± SD) the optical density threshold (Fig. [2](#bhw327F2){ref-type="fig"}*E*), and found significantly higher coverage in voxels above the threshold (paired 2-tailed *t*-test: *t*~(11)~ = 8.3, *P* \< 0.001), indicating higher reproducibility. Figure 2.Structure--function relations in the mouse cortical somatosensory network. (*A*) A statistical parametric map (in red-yellow) of positive correlations of barrel-related primary somatosensory cortex (SSp-bfd) upsampled to AMBC Atlas at 100 μm^3^ resolution; *P* \< 0.05, corrected for multiple comparisons using family-wise error rate correction for the whole mouse brain. (*B*) Anatomical connections (optical density, \[OD\] in blue-light blue) of SSp-bfd taken from the AMBC Atlas experiment \#112951804, normalized OD \> 0.1. (*C*) Overlap of functional and anatomical connectivity (purple) demonstrates a close agreement across the 2 modalities. (*D*) Estimation of reproducibility of functional connectivity demonstrates strong structure--function relations across animals. Average correlation maps were calculated for each animal; a binary threshold of 0.04 was used to estimate the overlap between animals. (*E*) Examination of the coverage of group-level statistically significant functional connectivity in individual animals as a function of the overlap with anatomical connectivity demonstrates higher reproducibility in overlapping voxels. (*F*) Within the somatosensory network, we quantified the coverage of the top 20 anatomical connections of SSp-bfd as a function of the rank-ordered SSp-bfd seed region\'s functional connections (purple) and region sizes (green). The graph indicates 19 out of 20 anatomical connections recapitulated by the functional connections (full results are detailed in [Supplementary Table 4](http://oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). AMBC Atlas labels with poor SNR (\<7) or volume below the functional resolution acquisition (\<0.05 mm^3^) were excluded from this analysis. (*G*) Distributions of the number of shuffled anatomical connections covered in rank-ordered functional array for the 13th (i) and 60th (ii) ranks compared to the number of veridical anatomical connections covered in functional and region-size arrays. (*H, I*) ROC curves demonstrate that functional connectivity is predicted by anatomical connectivity for both association (*H*) and sensory (*I*) cortices. (*J*) auROC curve is plotted for the 2 classes of cortical regions, revealing weaker structure--function relations in association relative to sensory cortices (central mark is the median, the edges of the box are the 25th and 75th percentiles, the whiskers extend to the most extreme data points not considered outliers, and outliers are plotted individually).

To examine structure--function relations at the regional level, we compared brain-wide volume distributions of functional and anatomical connections. We sorted brain-wide SSp-bfd functional connections to create a rank-ordered array of connections and counted the number of ranks needed to cover the 20 strongest anatomical connections (Fig. [2](#bhw327F2){ref-type="fig"}*F*, [Supplementary Table 4](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). We found that 10 and 19 out of the 20 strongest anatomical connections were covered within 13 and 60 strongest functional connections, respectively. Since larger regions are generally characterized by higher connection volumes, we sought to estimate the contribution of region size to the results. Therefore, we calculated the coverage of the anatomical connections in a rank-ordered array of region sizes and found that it covers only 6 and 17 anatomical connections within the 13 and 60 largest regions, respectively, underperforming functional connectivity measures. To formally test these results, we shuffled the anatomical data 10 000 times and randomly chose 20 connections each time (controlling for the mean regional size of the connections to be higher than the mean of the veridical 20 anatomical connections). We then replicated this analysis with random anatomical connections (Fig. [2](#bhw327F2){ref-type="fig"}*G*) and found that the coverage is lower than the original analysis (*P* \< 0.001), indicating that anatomically connected regions are more likely to be functionally connected.

Next, we sought to characterize structure--function relations in all cortical systems by evaluating the extent to which anatomical connections predict functional connectivity over multiple statistical thresholds. We computed ROC curves for 37 cortical seeds, grouping for 13 association areas (Fig. [2](#bhw327F2){ref-type="fig"}*H*) and 24 primary and secondary sensory areas (Fig. [2](#bhw327F2){ref-type="fig"}*I*). We found that the area under the curve for each ROC (auROC), which measures the ability of anatomical connectivity to classify regions as functionally connected or unconnected, was greater than chance (0.5) in all cases. Comparing auROC values between association and sensory cortices (Fig. [2](#bhw327F2){ref-type="fig"}*J*), we found that they are reliably higher in sensory relative to association regions (unpaired 2-tailed *t*-test, *t*~(35)~ = 3.31, *P* = 0.002), indicating that structure--function relations are distinguished between these networks.

Our findings are in close agreement with a recent study reporting that anatomical connectivity predicts fcMRI results in anesthetized mice based on whole-brain connectivity matrices ([@bhw327C66]). Here, we were able to replicate this finding in awake mice and extend the analysis by comparing structure--function relations between different cortical systems. Next, we sought to evaluate this result in detail, focusing on cortico-hippocampal connectivity.

Sensory Mapping in the Mouse Parahippocampal Region {#bhw327s3b}
---------------------------------------------------

Previous anatomical tracing studies in rats described topographic organization of primary and secondary sensory areas of different modalities within the parahippocampal region ([@bhw327C14]; [@bhw327C21]). Therefore, utilizing fcMRI and the AMBC Atlas, we sought to examine whether such mapping exists in the mouse parahippocampal region, whether functional connectivity recapitulates anatomical connectivity patterns and how it relates to connectivity of association cortices.

Examination of the fcMRI results revealed sensory mapping within the parahippocampal region (Fig. [3](#bhw327F3){ref-type="fig"}*A*), with the primary visual cortex (VISp) connected mainly to the POR, the primary auditory cortex (AUDp) connected to all PRC, especially to the intermediate part, and the SSp-bfd connected mainly to the rostral but also the caudal PRC. Comparing the fcMRI results to anatomical connections (Fig. [3](#bhw327F3){ref-type="fig"}*B*), we found close agreement in spatial specificity between the 2 imaging modalities, as both demonstrated distinct topographical organization. Volume-based quantification along the longitudinal axis (Fig. [3](#bhw327F3){ref-type="fig"}*C*) validates the surface-based representation of the functional and anatomical data. To formally test for topographical organization, we grouped the correlation values along the longitudinal axis to 4 sections and submitted the results to a repeated-measures ANOVA (corrected with the Huynh-Feldt method) with Seed Region as a within animal factor and correlation values of the 4 Longitudinal Sections as repeated measures. This analysis revealed significant interaction between Seed Region and Longitudinal Sections (*F*~(6,\ 22)~ = 15.15, *P* \< 0.001, *ε*~H-F~ = 1). Post-hoc tests revealed that this interaction applies to all pairs of cortical seeds (visual-auditory: *F*~(3,11)~ = 20.75, *P* \< 0.001, *ε*~H-F~ = 0.963; visual-somatosensory: *F*~(3,\ 11)~ = 5.47, *P* = 0.014, *ε*~H-F~ = 1; auditory-somatosensory: *F*~(3,11)~ = 15.94, *P* \< 0.001, *ε*~H-F~ = 0.855), indicating sensory mapping. Figure 3.Convergence of sensory and association networks as opposed to spatially localized sensory mapping in the mouse parahippocampal region. (*A*) Functional connectivity of primary visual (VISp, left), auditory (AUDp, center) and barrel-related somatosensory (SSp-bfd, right) cortices and parahippocampal region, *P* \< 0.05 corrected for multiple comparisons using family-wise error rate correction for the hippocampal memory system. (*B*) Anatomical connections between primary visual, auditory, and somatosensory cortices and the parahippocampal region. (*C*) Volume-based quantification of the average correlations (top) and normalized optical density (bottom) of different sensory modalities along the longitudinal axis of the parahippocampal region. Error bars indicate standard error of the mean. Functional (*D*) and anatomical connectivity (*E*) of the retorsplenial (RSP, left) and anterior cingulate (ACA, right) cortices in the parahippocampal region (similar to *C*, *D*). Functional (*F*) and anatomical (*G*) fractions of sensory (left) and association (right) regions cover the mouse parahippocampal region. In regions that contain several seeds, the functional and anatomical maps were averaged; same thresholds from (*A*, *D*) and (*B*, *E*) were used as binary thresholds for the functional and anatomical data, respectively.

Replicating the analysis for seeds in association cortices, we observed weaker functional connectivity and anatomical connections (examples of retrosplenial and anterior cingulate cortices are shown in Fig. [3](#bhw327F3){ref-type="fig"}*D*, *E*). To examine the spatial characteristics of sensory and association seeds, we grouped the 37 seeds to regions (9 sensory, 7 association), averaged the statistical maps in each region, and calculated the statistically significant fraction of sensory and association regions for each parahippocampal vertex. We found exclusive representation of primary sensory cortices in most parts of the PRC, with no evidence of spatial divergence between sensory and association cortices (Fig. [3](#bhw327F3){ref-type="fig"}*F*). Characterization of the anatomical connectivity for these regions supports this finding (Fig. [3](#bhw327F3){ref-type="fig"}*G*). Taken together, our results show dominancy of sensory over association networks within the mouse parahippocampal region. Moreover, they indicate that while different sensory modalities are organized topographically along the rostro-caudal axis, association networks overlap spatially, with no evidence of divergence of sensory and association networks.

Functional Connectivity Between Mouse Primary Sensory Cortices and Hippocampus Reveals Hippocampal Spatially Localized Sensory Mapping {#bhw327s3c}
--------------------------------------------------------------------------------------------------------------------------------------

Although the hippocampus has been the center of anatomical and functional investigations in rodents, a precise functional mapping of different cortical areas in the hippocampus has not been possible heretofore due to the limited ability to image it using optical methods. The modality-specific topography we observed in the parahippocampal region motivated us to leverage fcMRI sensitivity to polysynaptic connectivity to examine whether topographic organization of sensory cortices exists in the hippocampus.

We projected the statistical maps generated by seeds in primary sensory cortices on the flattened surface reconstructions of the hippocampal subfields (Fig. [4](#bhw327F4){ref-type="fig"}) and noted that all 3 primary sensory cortices demonstrated significant correlations. Examining the topography of different modalities, we found that SSp-bfd and VISp are connected preferentially to the dorsal aspect, while AUDp is connected preferentially to the ventral aspect of the hippocampus. To validate that this pattern is consistent across mice, we examined the reproducibility of this topography and found close agreement across animals ([Supplementary Fig. 6](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). Figure 4.Spatial specificity of sensory cortices mapping on the hippocampus. Statistical maps of barrel-related primary somatosensory (SSp-bfd, left), primary visual (VISp, center), and primary auditory (AUDp, right) cortices mounted on surface reconstructions of the right dentate gyrus, CA3, CA1 and subiculum reveal distinct topography (*P* \< 0.05, corrected for multiple comparisons using family-wise error rate correction for the hippocampal memory system).

To better characterize topographic organization, we divided each hippocampal subfield into 5 longitudinal segments (based on the 25 original segments, excluding the first dorsal and last 4 ventral segments due to poor SNR), and calculated the average correlation values of each segment for each seed and subfield (Fig. [5](#bhw327F5){ref-type="fig"}*A*). The results showed that the peak correlations of different sensory modalities are biased to different longitudinal segments in the dentate gyrus, CA3 and CA1, as SSp-bfd and VISp are more connected to the dorsal-intermediate aspect, while AUDp is more connected to the ventral aspect. To confirm this observation, these results were submitted to repeated measures ANOVA conducted for each subfield, with Longitudinal Sections correlation as repeated measures and Seed Region and Subfield as within animal factors. The results revealed significant interactions between Seed Region and Longitudinal Section (*F*~(8,88)~ = 3.14, *P* = 0.004,*ε*~H-F~ = 1), Subfield and Longitudinal Section (*F*~(12,132)~ = 2.32, *P* = 0.043, *ε*~H-F~ = 0.497), Seed Region and Subfield (*F*~(6,66)~ = 3.63, *P* = 0.019, *ε*~H-F~ = 0.553), and most importantly 3-way interaction between Seed Region, Subfield and Longitudinal Section (*F*~(12,264)~ = 6.35, *P* \< 0.001, *ε*~H-F~ = 1). These results indicate preferential connectivity of different sensory cortices to different segments along the longitudinal axis of the mouse hippocampus. To break down this 3-way interaction, we conducted follow-up analyses, corrected for multiple comparisons using false-discovery rate ([@bhw327C7]) and examined interactions between different pairs of seeds along the longitudinal axis in each subfield separately (Fig. [5](#bhw327F5){ref-type="fig"}*B*, full statistics are described in [Supplementary Table 5](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). Comparing SSp-bfd and AUDp, the results show interactions between Seed Region and Longitudinal Section across all subfields, especially in the CA fields. In addition, the CA fields also demonstrated interactions between VISp and AUDp connectivity and Longitudinal Section. Finally, no differences in connectivity along the longitudinal axis were found for SSp-bfd and VISp. Together, these results imply that sensory information is only partly integrated in the parahippocampal region and that the relative contribution of different sensory modalities differs along the longitudinal axis. In addition, these findings are in close agreement with previous studies that reported impairments in contextual and auditory fear conditioning following lesions to the dorsal and ventral hippocampus, respectively ([@bhw327C45]; [@bhw327C79]). Figure 5.Preferential connectivity of sensory cortices along the hippocampal longitudinal axis. (*A*) Quantification of the correlations of primary sensory cortices to 5 segments along the longitudinal axis of the dentate gyrus, CA3, CA1, and subiculum demonstrates sensory mapping. We excluded the first dorsal-most and 4 ventral-most segments from the original segmentation and averaged the correlations in groups of 4 segments to create a total of 5 segments. Error bars indicate standard error of the mean. (*B*) Quantification of the interaction between pairs of seed regions and longitudinal axis along the hippocampal circuit. \**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001, corrected for multiple comparisons using the false-discovery rate method.

Comparative Analysis of Cortico-Hippocampal Connectivity in Mice and Humans {#bhw327s3d}
---------------------------------------------------------------------------

To formally compare cortico-hippocampal connectivity across species, we placed seeds throughout mouse and human cortices. In the mouse, we examined sensory and association cortical seeds (Fig. [6](#bhw327F6){ref-type="fig"}*A*), plotted the parahippocampal coverage (PRC and POR) versus the hippocampal coverage (Fig. [6](#bhw327F6){ref-type="fig"}*B*), and found significant correlation (*r*~(14)~ = 0.53 , *P* = 0.033), in agreement with the strong anatomical connections between these structures in rodents ([@bhw327C21]; [@bhw327C33]). Comparing between different cortical systems, we discovered preferential representation of sensory relative to association cortices in both the parahippocampal region (Mann--Whitney *U*-test: *U* = 5.5, *P* = 0.006) and hippocampus (*U* = 9, *P* = 0.017). Figure 6.Comparative functional connectivity of the hippocampal memory system. (*A*) Seed locations in mouse cortex. (*B*) Quantification of the hippocampal versus parahippocampal functional connectivity to different regions in the mouse cortex reveals significant correlation and weaker functional connectivity of association cortices. The distributions of coverage for each category are shown in boxplots and demonstrate stronger representation of sensory compared to association cortices in the mouse parahippocampal region and hippocampus (*P* \< 0.05). (*C*) Seed locations in the human cortex. (*D*) Quantification of hippocampal versus parahippocampal functional connectivity to different regions in the human cortex reveals corresponding correlations in these 2 structures. (*E*) Boxplots of hippocampal and parahippocampal representations of different cortical systems in humans reveal stronger representation of default/memory over sensory and attention/control cortices, as well as preferential connectivity of sensory over attention/control areas. Significant differences (*P* \< 0.05) are marked with asterisks. (*F*) Quantification of hippocampal and parahippocampal functional connectivity versus seed location within the visual system reveals strong correlations that indicate hierarchical organization.

Given the cortico-hippocampal connectivity in the mouse brain, we sought to compare mouse to human connectivity directly. We divided the seeds into 3 categories (Fig. [6](#bhw327F6){ref-type="fig"}*C*)---sensory, default/memory, and attention/control---and replicated the hippocampal-parahippocampal coverage analysis (Fig. [6](#bhw327F6){ref-type="fig"}*D*). We observed that similar to the mouse analysis, cortical functional connectivity to the human parahippocampal region and hippocampus are highly correlated (*r*~(104)~ = 0.87; *P* \< 0.001). However, distinct from the mouse, a large fraction of cortical seeds did not exhibit significant correlation to the parahippocampal region (46.22%) nor to the hippocampus (40.56%). Examining the distribution of hippocampal and parahippocampal functional connectivity in each category (Fig. [6](#bhw327F6){ref-type="fig"}*E*), we found preferential connectivity of default association areas over sensory (Mann--Whitney *U*-test: parahipocampal region: *U* = 412, *P* = 0.011; hippocampus: *U* = 272, *P* \< 0.001) and attention/control association (parahipocampal region: *U* = 239.5, *P* \< 0.001; hippocampus: *U* = 119, *P* \< 0.001) cortices. In addition, we discovered that sensory functional connectivity to the human hippocampus and parahippocampal regions exists and is significantly higher compared with attention/control association cortices (parahipocampal region: *U* = 410, *P* = 0.002; hippocampus: *U* = 398.5, *P* = 0.002).

Next, we sought to evaluate the hierarchical organization of sensory functional connectivity to the human hippocampus. We used the visual system as a model and plotted the hippocampal and parahippocampal functional connectivity versus the seed location on the anterior--posterior axis (*n* = 14), assuming that more anterior seeds represent higher-order areas in the visual stream. We found significant correlations between parahippocampal (*r*~(12)~ = 0.65, *P* = 0.012) and hippocampal (*r*~(12)~ = 0.84, *P* \< 0.001) representations and location along the anterior--posterior axis (Fig. [6](#bhw327F6){ref-type="fig"}*F*). The minimal functional connectivity of posterior visual areas suggests that early visual cortices are connected only weakly to the human hippocampus, as opposed to our findings in mice.

To validate that cross-species differences do not stem from the whole-brain regression used only in humans, we replicated the human analysis without whole-brain regression ([Supplementary Fig. 7](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)) and found that it eliminates the difference between default and sensory functional connectivities in the parahippocampal region, but the differential connectivity in the hippocampus is independent of this procedure. A possible explanation for the discrepancy in the parahippocampal region is the strong representation of the whole-brain signal in sensory cortices, specifically the visual cortex ([@bhw327C20]). Moreover, a previous study demonstrated strong correlations between default and visual areas without regression of the whole-brain signal ([@bhw327C48]), indicating that whole-brain regression enhances specificity in human fcMRI data, as opposed to our observation in mice.

Finally, since human cortical parcellation is not consensual, we replicated this analysis based on an alternative functional clustering ([@bhw327C78]) and found that the results are also consistent with this clustering approach ([Supplementary Fig. 8](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)). Collectively, our findings reveal a dramatic difference between mice and humans since the mouse hippocampus demonstrates preferential functional connectivity to sensory cortices, while the human hippocampus demonstrates bias towards default association cortices, suggesting that rerouting of sensory information through association cortices occurred in humans.

Fractionation of Sensory and Association Networks in the Human Parahippocampal Region {#bhw327s3e}
-------------------------------------------------------------------------------------

Since we found a transition from sensory to association cortico-hippocampal connectivity and since cortical expansion affected mainly association cortices ([@bhw327C76]; [@bhw327C15]), we sought to test whether association networks emerged between sensory networks and the hippocampus. Therefore, we examined whether sensory and association networks diverge within the human parahippocampal region compared with the spatial convergence we found in mice.

In a previous fcMRI study ([@bhw327C31]), spatially localized functional organization of the default and anterior temporal association networks in the human parahippocampal region was shown since inferior parietal and inferior temporal seeds demonstrated differential connectivity to caudal/intermediate PHC and rostral PHC/PRC, respectively. However, since the whole-brain analysis was based on specific seeds, it might have represented a conservative estimate of sensory connectivity, explaining its lack thereof. More recently, [@bhw327C4] examined the connectivity of visual and default association areas within the PHC during object-in-scene and scene-category tasks, demonstrating a transition of functional connectivity between caudal and rostral PHC. Motivated by the coverage analysis, we sought to examine the spatial organization of sensory and association cortical networks in the human parahippocampal region using intrinsic functional connectivity data to compare the results directly to mice.

Examination of representative human fcMRI maps of a visual seed in area V2 (Fig. [7](#bhw327F7){ref-type="fig"}*A*; seed \#167) and an association seed in the posterior cingulate cortex (PCC; Fig. [7](#bhw327F7){ref-type="fig"}*B*; seed \#88) shows differential connectivity within the PHC since V2 is connected to its caudal aspect, while PCC is connected to its intermediate and rostral aspects. To confirm this result, we placed 3 seeds along the longitudinal axis of the parahippocampal cortex (Fig. [7](#bhw327F7){ref-type="fig"}*C*; [Supplementary Table 6](http://cercor.oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1)), calculated the average correlation of each seed to V2 and PCC seeds, and submitted the results to a repeated-measures ANOVA, with Seed Region as a within animal factor and correlation values of the 3 Longitudinal Sections as repeated measures. This analysis revealed a significant interaction between Seed Region and Longitudinal Sections (*F*~(2,\ 86)~ = 43.53, *P* \< 0.001, *ε*~H-F~ = 0.848). Post-hoc paired *t*-tests revealed significantly higher correlation of V2 (0.17 ± 0.18, mean ± SD) over PCC (0.07 ± 0.15) in the caudal seed (paired *t*-test: *t*~(43)~ = 2.52, *P* = 0.015) compared with significantly higher correlation of PCC (0.18 ± 0.13) over V2 (0.017 ± 0.12) in the rostral seed (*t*~(43)~ = 6.22, *P* \< 0.001), indicating differential connectivity. To generalize this conclusion from a specific pair of seeds to the network level, we calculated the fraction of statistically significant vertices for 10 sensory and default seeds with the higher hippocampal coverage, and found that the result is consistent within each group of seeds (Fig. [7](#bhw327F7){ref-type="fig"}*D*). In addition, conducting the reciprocal analysis, we examined the whole-brain connectivity of the caudal and rostral seeds, and found a transition from the visual to the default network (Fig. [7](#bhw327F7){ref-type="fig"}*E*), confirming spatial divergence of sensory and association networks in the human parahippocampal region. Figure 7.Divergence of sensory and association networks in the human parahippocampal region. (*A*) Cortico-parahippocampal analysis comparing human visual cortex (area V2) to PCC reveals divergence of sensory and association cortices in the human medial temporal lobe, specifically in PHC (*P* \< 0.001, uncorrected). (*B*) Location of seeds along the rostro-caudal axis of the left PHC. See [Supplementary Table 6](http://oxfordjournals.org/lookup/suppl/doi:10.1093/cercor/bhw327/-/DC1) for coordinates in MNI space. (*C*) Correlation values of V2 and PCC to seeds along the rostro-caudal axis of PHC reveal differential connectivity. Asterisks represent significant differences between V2 and PCC correlations (*P* \< 0.05). Error bars indicate standard error of the mean. (*D*) Statistically significant fractions of 10 sensory and default association seeds demonstrate consistent divergence within the parahippocampal region. (*E*) Whole-brain connectivity of seeds along the rostro-caudal axis of the parahippocampal region demonstrates transition of connectivity from visual to association networks (*P* \< 0.001, uncorrected).

Anatomical studies in nonhuman primates divide the parahippocampal cortex into 3 distinct subregions (TFO, TF and TH) with differential anatomical connectivity ([@bhw327C69]; [@bhw327C68]; [@bhw327C36]). While caudal TEO receives dense projections from visual areas V4 and TE, rostral TF and TH receive only mild visual projections. In contrast, parietal, temporal and frontal association areas project to all subregions. Our results show that fcMRI captures these anatomical patterns, demonstrating differential connectivity of visual and default association networks along the rostro-caudal axis and indicating fractionation of sensory and association networks in the human parahippocampal region, as opposed to our observations in mice.

Discussion {#bhw327s4}
==========

We used the slow coherent fluctuations in the BOLD fMRI signal to investigate how expansion and elaboration of the human relative to the mouse cortex impacted cortico-hippocampal connectivity. We observed differential connectivity of sensory and association cortices in the mouse and human hippocampi with a divergence of sensory and association networks in the human but not the mouse parahippocampal region. In contrast, in mice we found sensory mapping in the parahippocampal region that extends to the hippocampus. Collectively, these results show coupling between cortical sensory networks and the hippocampus in the mouse in contrast to dissociation of these networks in the human, indicating rerouting of cortical sensory inputs via association cortices in humans.

Intrinsic Functional Connectivity in the Awake Mouse Brain {#bhw327s4a}
----------------------------------------------------------

We used fcMRI to estimate functional connectivity in the mouse brain and directly compare the results to humans. While intrinsic functional connectivity is widely used in human neuroimaging studies, it has been limited in use in rodents due to the difficulty to image awake animals and limited spatial resolution afforded by the small rodent brain. Administration of anesthetic agents results in an attenuated fMRI signal, particularly at high resolution ([@bhw327C55]; [@bhw327C17]). Using a custom-made cradle, we were able to record spontaneous BOLD fMRI fluctuations over multiple sessions and create an extensive dataset for fcMRI investigation. Furthermore, we used SE-EPI rather than the more commonly used gradient-echo EPI (GE-EPI) applied in previous rodent fcMRI studies ([@bhw327C40]; [@bhw327C43]; [@bhw327C25]; [@bhw327C46]; [@bhw327C49]; [@bhw327C64]; [@bhw327C66]; [@bhw327C65]). While SE-EPI has lower SNR relative to GE-EPI, it is less sensitive to inhomogeneities of the magnetic field, producing less distorted images and enabling better coregistration to a common atlas. In addition, at high magnetic fields, SE-EPI is more sensitive to microvasculature relative to GE-EPI ([@bhw327C71]; [@bhw327C10]; [@bhw327C70]), enabling a high contrast-to-noise ratio for functional mapping at high resolutions ([@bhw327C77]). Moreover, in the context of fcMRI, SE-EPI was shown to be as sensitive and specific as GE-EPI and provided superior results in high-susceptibility regions ([@bhw327C35]; [@bhw327C34]). Finally, in mice, we and others ([@bhw327C81]) demonstrated that SE-EPI recapitulates homotopicity, which is the hallmark of fcMRI in rodents. Collectively, these advantages allowed investigation of high-resolution whole-brain functional connectivity, including the parahippocampal region, which is highly sensitive to susceptibility artifacts, as well as a comparison to the AMBC Atlas. This comparison allowed us to estimate structure--function relations virtually at a single voxel resolution, enabling multimodal characterization of mesocopic organization of the mouse brain.

In addition to structure--function analysis in the mouse brain, mouse fcMRI is a powerful method for translational and comparative studies. While the biological origin of intrinsic functional connectivity is yet to be discovered, previous studies reported that this approach is in close agreement to anatomical connectivity ([@bhw327C47]; [@bhw327C66]) and has an electrophysiological substrate ([@bhw327C75]). Moreover, the fact that intrinsic connectivity does not require any active participation eliminates many confounds related to behavioral comparisons. In this study, we tried to conduct the identical preprocessing procedure in both datasets, avoiding the addition of any methodological confounds. However, we found that global signal regression eliminates correlations in the mouse brain, while in humans this step enhances specificity ([@bhw327C20]; [@bhw327C48]). We hypothesized that this effect is a result of the less segregated mouse brain as virtually all structures are connected within 2--3 synapses. Nevertheless, we confirmed that the cross-species differences we found are independent of this preprocessing step, suggesting that while fcMRI is an imperfect method, it still provides a useful tool for cross-species comparisons, and is specifically useful for comparing cortico-hippocampal connectivity as it bridges between anatomical studies in rodents to functional studies in humans.

Functional Coupling Between Sensory Networks and the Hippocampal Memory System in the Mouse Brain {#bhw327s4b}
-------------------------------------------------------------------------------------------------

The central finding of this study is the putative functional coupling between primary sensory cortices and the hippocampal memory system in the mouse. Previous anatomical tracing studies showed that primary and secondary sensory cortices map to distinct subregions within the mouse parahippocampal region ([@bhw327C14]; [@bhw327C21]; [@bhw327C1]), and characterized the anatomical projections from the parahippocampal region and the hippocampus ([@bhw327C21]; [@bhw327C33]; [@bhw327C1]). However, since the connections between primary sensory cortices and the hippocampus are polysynaptic, they were not examined using traditional tracing methods. Here, we utilized the sensitivity of fcMRI to polysynaptic connections to characterize cortico-hippocampal functional connectivity.

The fcMRI data capture the sensory mapping in the mouse parahippocampal region and show that the topographic organization extends to the hippocampus, demonstrating segregation of somatosensory/visual and auditory inputs along the longitudinal axis. While previous studies showed that the rodent hippocampus responds to pure sensory stimuli ([@bhw327C56]; [@bhw327C73]) and found some evidence of preferential responses in distinct subregions within CA1 ([@bhw327C6]), sensory processing in the mouse hippocampus is still poorly understood. Nevertheless, a recent study ([@bhw327C29]) described correlated activity in primary visual cortical neurons and spatially selective CA1 neurons during navigation in rats, suggesting that information processed in visual cortex is the substrate for the visual component of long-term spatial memories. In addition, increased coherent activity in dorsal hippocampus and barrel-related primary somatosensory cortex was shown to facilitate the integration of tactile information into memory during the tactile discrimination task ([@bhw327C26]). Our results correspond to these observations, demonstrating strong functional connectivity between primary sensory cortices and the hippocampus.

Cortical Rerouting Dissociates the Human Hippocampus From Primary Sensory Cortices {#bhw327s4c}
----------------------------------------------------------------------------------

Previous cross-species comparisons characterized phylogenetic changes in the hippocampal memory system. These studies found that the hippocampal formation in amphibians is directly connected to the dorsal thalamus ([@bhw327C62]; [@bhw327C38]), and that these thalamo-hippocamapal connections weakened in reptiles ([@bhw327C27]) and disappeared in mammals, demonstrating cortical rerouting of sensory input through the cerebral cortex ([@bhw327C67]). Our results show that the set of brain regions involved in sensory and memory processing is coupled in mice, but as reflected by fcMRI, demonstrates distinctly reduced functional connectivity in humans. This divergence indicates the possibility of another rerouting event occurring in the human cortex relative to rodents in which cortical sensory inputs pass through expanded and new association cortices before arriving at the hippocampus.

Taking into account the differential representation of sensory relative to association networks in mouse and human brains ([@bhw327C37]; [@bhw327C8]), the topographic organization of different sensory modalities within the mouse hippocampal memory system and the divergence of sensory and association networks in the human parahippocampal region, we propose that as opposed to humans, the cortico-hippocampal network in mice represents a single hierarchy. The mouse hippocampus operates on inputs that are closely associated to the physical features of external stimuli, rather than abstract information that emerges after several stages of processing. In contrast, in humans, noncanonical association network hierarchies emerged between canonical sensory hierarchies and the hippocampal memory system. Namely, cortical expansion and the emergence of new association areas in humans resulted in the fractionation of the primary sensory areas and the hippocampal memory system, as observed with fcMRI. The functional significance of this fractionation requires further investigation, but based on our analyses, we would like to propose that the divergent cortico-hippocampal connectivity might underlie qualitatively different sensory inputs to the mouse and human hippocampi that subserve different hippocampal-dependent memory representations.

Supplementary Material {#bhw327s5}
======================

Supplementary material can be found at: http://www.cercor.oxfordjournals.org/
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